Introduction:
Direction of arrival (DoA) estimation techniques have been widely studied since almost the 1980's. Most of these studies were focused on the signal processing side of the DoA technique and ignored the array side or in other words, assumed either omni-directional elements or point sources in the array structure. Array antennas have been of great importance in Direction of Arrival estimating algorithms since they have the ability to extract information about the incident signal that other types of antennas would fail to extract. Due to the fact that the simple linear array consists of multiple elements (sensors), the incident plane wave could be sampled at various locations. The samples consist of amplitude and phase information needed to determine the direction of arrival of a signal. The importance of determining the DoA varies from radar systems-i.e. jamming and target locating, to wireless communications where determining the DoA of the desired user signal at the base station would result in minimizing the interference from other users. This may be done by either directing the main beam of an array antenna towards the desired user or by directing nulls towards the interfering users.
In direction of arrival estimation techniques, most papers in the literature assume omni-directional pattern elements or point sources in the array antenna side and concentrate more on the signal processing side in order to reduce the error in estimating the direction of arrival of incident signals on linear arrays [1] and [2] . In such a case, a study that investigates the effect of using more directive elements in the array on the direction of arrival estimation would be of great importance in order to see how such a DoA estimation system would perform in more realistic conditions. Integration between Matlab and Numerical Electromagnetic Code NEC2 [3] gives the ability to account for mutual coupling between the array elements and to come up with a fully integrated system that is controlled completely by Matlab.
The focus of this paper is directed towards the analysis of the DoA estimation performance and how to enhance it. The Maximum Likelihood Method (MLM) is adopted in determining DoA after the information about the incident wave has been extracted from the array element.
In addition, integration between Matlab and NEC2 is proposed in this paper to construct a complete DoA estimation system that utilizes the MLM as the DoA estimation algorithm. In addition to that, the effect of changing the elements type in the array structure is studies.. The results show the effect of using such elements on the Mean Square Error (MSE) performance of the DoA system compared to the conventional λ/2 dipole elements.
Maximum Likelihood Method (MLM):
There exist several Direction of Arrival (DoA) estimation techniques such as the Maximum Likelihood and Music algorithms. A detailed study and a comprehensive comparison between these two methods as well as the Cramer-Rao bound could be found in references [1] and [2] . The purpose of this analysis is to see the effect of array element choice and mutual coupling between the elements on the DoA estimation process. A measure of the performance of the MLM is to calculate the Mean Square Error (MSE) resulting from estimating the Direction of Arrival (DoA). To do that, the number of runs needed to estimate the MSE accurately should be calculated. The following subsection includes how the word accurately could be quantified statistically.
Statistical analysis for determining MSE:
The derivation for how to estimate the number of experiments needed to obtain a confidence interval for the parameter to be estimated is rather simple and could be found in any basic statistical analysis book [4] . In simple words, the number of runs necessary to be x% confident that the error in estimating MSE will be less than a specified amount e, is given by the following equation:
S is the standard deviation of the data and t is dependent on the x% value. Since S is unknown, it was estimated experimentally. The experiment of estimating MSE was run 1000 times, at the largest SNR-i.e. minimum error, to find one value of MSE and this process was repeated 1000 times at DoA = 30 o . The choice of e is left as a design parameter and it varies according to the application. e = 0.0001 was chosen for this study and the largest SNR is 15 dB. The next step is to evaluate n for a 5-element linear array. The following results show the number of runs needed to be 95% confident that the error, e, will not exceed 0.0001.
Hence, the number of runs needed is 554 runs.
It can be concluded that if we run the MLM algorithm to estimate MSE 100 times and each run estimates the MSE 554 times, the error e will not exceed 0.0001 in 95 times and it will be 5 times exceeding 0.0001. It is impossible to predict the occurrence of 5 times ahead of time; otherwise it could have been avoided. The number of runs utilized to estimate the standard deviation of the data was sufficient to give a very accurate representation of the behavior of MSE. At each point of SNR, there could be a constructed interval-i.e. confidence interval, in which the MSE will oscillate. The length of the interval is 0.0002. MSE will not overshoot this interval from either side except in the 5% error case.
Having this done, the MLM algorithm can be constructed to estimate the DoA. The first step is to determine the MSE for the ideal case, in which no mutual coupling exists. Figure 2 shows the MSE performance without mutual coupling. The second case is to determine MSE with the presence of mutual coupling and compare it to the no mutual coupling case shown above. Matlab is used to create a lookup table that includes a set of sampled data from plane waves incident from different directions on the linear array. Next, Matlab, using NEC2 [3] , creates an incident wave from a certain direction, adds complex white noise to it. The final step is to determine the DoA of that signal by comparing it to the lookup table data obtained previously. Figure 3 shows the results for both cases. The performance of the DoA estimation algorithm with no mutual coupling is better than the performance with mutual coupling until SNR reaches almost 19.5 dB. At higher SNR, the performance with mutual coupling becomes better and MSE reduces to zero at SNR higher than 21 dB. 
Element Selection:
In this section, the effect of using elements other than λ/2 dipole antennas will be studied. The proposed elements are micro-strip patches. Since NEC2 is a main part of the simulations, and due to the lack of ability to introduce such new elements in NEC2 because there are no dielectric material definitions available, we had to come up with a way to create elements that NEC2 can simulate. Such an approximation would be an array of λ/2 dipole antennas above perfectly conducting ground plane.
The electrical height at which the dipole is placed is selected to be the same as that of the dielectric material of a microstrip patch because of the absence of modeling dielectric material in NEC2 and the presence of free space instead. One of the commercial microstrip material available has ε r = 2.5 F/m and h = 0.0016 m. Lets denote the distance between the dipole antenna and the ground plane by h', hence, h' = (1.3229) h. There is a gain of about 6.45 dB when using a λ/2 dipole antenna above ground plane. Figure 5 shows a comparison in performance in terms of MSE between a 5-element linear dipole array and a 5-element linear dipole array above perfectly conducting ground plane. The scan range is defined from -10 to 10 degrees in a step of 5 degrees. The incident wave is at 5 degrees which is one of the angles the system has been trained on. At low SNR, there is a gain of about 4 dB and as SNR increases, the gain increases to reach about 7 dB. The scan range is defined from -10 to 10 degrees in a step of 5 degrees. The incident wave is at 7 degrees which is an angle the system wasn't trained on. The performance is very poor in both array antennas because the incident signal is from an angle the system has not been trained on, and since the resolution of the scan is not small enough (5 degrees), the error was large. This could be solved by increasing the resolution of the scan range to become 2 degrees as shown in figure 7. The above results show that there is a gain in the performance that varies from 4 to 7 dB in the ideal case in which the incident signal is predefined to the system. When the incident signal is completely unknown to the system, both array antennas perform poorly. However, the array with ground plane still performs better than the array without ground plane, as shown in figure 6 , and we can see that the MSE for the "with ground plane" case is decaying as SNR increases whereas the MSE for the "without ground plane" case tends to increase as SNR increases. Further enhancement in the performance could be achieved by increasing the resolution of the scan range step size. A change from 5 o to 2 o in the step size led to an improved performance of the array with ground plane in determining the DoA and a degradation in the performance of the array without ground plane.
Results:

Conclusion:
The integration between NEC2 and Matlab created an environment similar to the environment an actual array would operate in by accounting for mutual coupling between the array elements. Changing the elements type to more directive elements enhanced the MSE performance in all cases. The 5-element linear λ/2 dipole array possessed a very poor performance when the incident signals where 2 o apart whereas the proposed elementsi.e. microstrip patches showed great potential in determining the DoA. This proves that optimum selection criteria should be adopted in conjunction with the DoA estimation algorithm in order to minimize the estimation MSE.
